INTRODUCTION
Neurons have a remarkable ability to modify their connectivity and function in response to stimuli. A significant extent of this structural and functional plasticity relies on the initiation of new transcriptional programs (Ebert and Greenberg, 2013) . So-called immediate early genes produce a first wave of mRNAs synthesized in response to neuronal activity within 30-60 min. Many of these mRNAs themselves encode transcription factors, which then trigger a second wave of transcription. These latter activityregulated transcripts encode growth factors, signaling molecules, and synaptic proteins, which modify neuronal morphology and synaptic properties (Cohen and Greenberg, 2008; Davis, 2006) . At the same time, neuronal activity modifies cellular transcriptomes at the level of alternative splicing, tuning the relative abundance of transcript variants produced from individual genes (An and Grabowski, 2007; Iijima et al., 2011; Vuong et al., 2016; Xie and Black, 2001 ). The majority of alternative splicing reactions are intimately linked to the progression of RNA polymerase as they occur co-transcriptionally, i.e., during transcription elongation (Braunschweig et al., 2013; Kornblihtt et al., 2013) . Thus, regulated transcription and alternative splicing jointly direct activity-dependent changes in neuronal gene expression.
The kinetics of gene regulation in response to neuronal activity are central to connect transcript changes and modification of neuronal, synaptic, and circuit function. Recent studies revealed that extremely long genes (>100 kb) are particularly highly represented in neuronal cells (Gabel et al., 2015) . Moreover, many of such long genes encode key adhesion and signaling molecules that regulate synaptic connectivity and function (King et al., 2013) . This raises important questions regarding the kinetics underlying their synthesis considering the transcription rate of RNA polymerase II (1-4 kb/min) (Darzacq et al., 2007; O'Brien and Lis, 1993; Singh and Padgett, 2009; Tennyson et al., 1995) . Thus, synthesis of long transcripts (e.g., Nrxn1 and Cntnap2, which are >1 and 2.2 Mb, respectively) requires several hours, a time course that is long compared to the modification of neuronal function in response to neuronal activation. By contrast, the splicing reaction is remarkably fast, taking place within seconds to a few minutes (Beyer and Osheim, 1988; Martin et al., 2013; Singh and Padgett, 2009 ). For most introns, excision occurs co-transcriptionally. Thus, the progression rate of RNA polymerase II remains rate limiting for alternative transcript generation.
Recent work highlighted that a subset of introns can be retained in fully transcribed, polyadenylated (polyA+) transcripts. This intron retention (IR) is one class of alternative splicing events that has been underestimated for a long time (Galante et al., 2004; Wang et al., 2008) . Recent sequencing studies highlighted the presence of introns in 5%-10% of fully transcribed RNAs (Ameur et al., 2011; Bhatt et al., 2012; Boutz et al., 2015; Braunschweig et al., 2014; Khodor et al., 2011; Rabani et al., 2011; Shalgi et al., 2014; Tilgner et al., 2012) . The physiological importance of these events is only beginning to be explored. First, only a very minor fraction of IR events generate alternative transcripts where the intron-containing mRNAs code for distinct protein isoforms (Marquez et al., 2015) . Second, IR has been suggested to represent a consequence of slow splicing kinetics, where intron excision is completed only post-transcriptionally (Ameur et al., 2011; Boutz et al., 2015; Khodor et al., 2011; Pandya-Jones and Black, 2009) . Third, IR events may serve to target intron-containing transcripts to RNA decay machineries (Braunschweig et al., 2014; Colak et al., 2013; Kilchert et al., 2015; Wong et al., 2013; Yap et al., 2012) . Ultimately, this latter mechanism is thought to fine-tune transcript levels in various cell types.
In the present work, we observed IR events in transcripts that escape RNA degradation and, instead, contribute to the temporal control of the neuronal transcriptome. In primary neocortical cells, we identify a class of introns that are stably retained at rest but rapidly excised in response to neuronal activity. Subsequently, the fully matured transcripts are exported to the cytoplasm and associate with ribosomes. Notably, this novel class of IR events is particularly enriched in long transcripts. Thus, we propose that regulated IR in neurons provides a novel, transcription-independent mechanism to rapidly modify the neuronal transcriptome in response to stimuli.
RESULTS

Identification of IR Events in Neocortical Preparations
To identify IR events in the nervous system with an unbiased approach, we performed deep sequencing of RNAs (RNA-seq) isolated from mouse neocortical samples. We analyzed IRs present during development (postnatal day 10 [P10]), in the adult (P50), and in primary cortical cells isolated from embryonic day (E)16.5 embryos (day 16 of gestation) and maintained in culture for 14 days. For each sample, polyadenylated (poly(A) + ) RNAs isolated from two biological replicates were sequenced at high depth (>250 million reads per sample, 100-mer reads). Ribosomal RNAs represented less than 1% of the sequencing reads (Table S1 ), indicating that the enrichment of poly(A) + RNAs was highly efficient and thus ruling out contamination with partially transcribed RNAs.
We then developed an algorithm to estimate for each intron the level of retention ( Figure 1A ). For each pair of consecutive exons in the mouse genome annotated in FastDB (de la Grange et al., 2005), we assessed the expression level of transcripts retaining the interleaving intron and the expression of the spliced isoform (SI). Intron-retaining isoforms (RIs) were quantified as the average number of reads mapping the 5 0 and 3 0 exon-intron junctions (exon-intron reads). Expression level of the spliced isoforms was estimated as the number of exon-exon junction reads (exon-exon reads). The percentage of IR (PIR) was then calculated as the expression level of the RI over the sum of the expression levels of the RI and SI. To only select introns with a substantial retention level (and notably to limit inclusion of introns with slower splicing kinetic), we defined introns as retained if their PIR exceeded 25. We applied as an additional criterion that the read coverage along the entire intron (minimal PIR = minPIR) must represent at least 25% of the sum of the expression of 
Figure 1. Identification of IR Events in Mouse Neocortex
(A) Polyadenylated RNAs were isolated and sequenced. For each segment comprised of two consecutive exons and the intervening intron, coverage (cov) of reads spanning the 5 0 and 3 0 exon-intron junctions (E1I and IE2, respectively), the exon-exon junction (E1E2), and mapping the intron sequence (I) were calculated.
Then the percentage of intron retention (PIR) and the minimal PIR (minPIR) were evaluated as described in the formulas. Introns were considered as retained if PIR exceeded 25 and if there was a minimum sequence coverage across the entire intron (see the Experimental Procedures).
(B) Venn diagram displaying the number of common and specific IRs identified in neocortices isolated from 10-and 50-day-old mice (P10 and P50). Primary neocortical cells maintained 14 days in culture were analyzed (two independent RNA preparations and sequencing libraries per condition).
(C) Pairwise comparison of the PIR. For each comparison, all identified IRs (i.e., introns retained in at least one of the three samples) are plotted. To calculate the percentage of common or sample-specific IR events indicated on the figures, only introns retained in at least one of the two conditions compared were used.
the SI and RI. This ensures that reads mapping the exon-intron junctions were indeed due to IR rather than other events, such as the usage of alternative splice donor and acceptor sites ( Figure 1A ). Using these criteria, we identified a total of 10,119 IR events in the three cortical preparations (P10, P50, and cultured neurons) ( Figures 1B and S1 ). In each sample, the population of introns classified as retained represented about 5%-6% of all introns from the expressed transcripts. This estimate is in overall accordance with previous genome-wide studies in other tissues (Braunschweig et al., 2014) . However, due to the more stringent criteria used here for defining IR, the number of events was slightly lower. Nearly 60% of IR events identified in our experiments were shared between both in vivo preparations (P10 and P50 neocortex) and the neuronal culture preparations (Figure 1B) . Pairwise comparisons showed similar PIR for individual transcripts between the different samples ( Figure 1C ). This suggests that there are specific transcript properties and robust mechanisms that drive selective IR in the mouse neocortex.
Transcripts with IR Events Can Be Grouped into Classes that Exhibit Different Fates IR has been primarily implicated in fine-tuning the cellular transcriptome by targeting transcripts to RNA degradation pathways (Braunschweig et al., 2014; Colak et al., 2013; Kilchert et al., 2015; Wong et al., 2013; Yap et al., 2012) . However, in embryonic stem cells, certain intron-containing RNAs exhibit half-lives of 30-60 min (so-called detained introns; Boutz et al., 2015) , and, thus, they appear shielded from rapid degradation. We asked whether in cortical neurons there might be sub-populations of intron-containing transcripts that are stable. To this end, we inhibited transcription by incubating primary neocortical cells for 2 hr with 5,6-dichloro-1-beta-ribo-furanosyl benzimidazole (DRB), which blocks processivity of RNA polymerase II through the inhibition of the positive transcription elongation factor b (P-TEFb).
Consistent with the action of DRB, we observed a substantial decrease of the PTEFb-dependent serine 2 phosphorylation of the RNA polymerase II C-terminal domain (CTD) ( Figure S2A ). Total transcript levels were reduced in DRB-treated versus control cells, and the induction of immediate early gene expression was blunted, confirming the action of the inhibitor on transcription ( Figures S2B and S2C ). Then 2 hr after transcription inhibition, about 16% of all IR events identified in untreated cells dropped below the 25% IR cutoff, indicating that they were transient ( Figure 2A , green dots, transient). Remarkably, 84% of IR events persisted (PIR > 25% after 2 hr of transcription inhibition, Figure 2A, gray/black dots, persistent) , and among them a substantial number (3,586, which is 50% of all IR events) exhibited less than 20% alteration, highlighting an unexpected stability of the intron-containing transcripts ( Figure 2A , black dots, stable). By RT-PCR, we probed the approximate retention rates deduced from sequencing analysis for 14 introns that exhibited modest to high retention ( Figure 2B ; note that input cDNA levels were titrated to ensure amplification in the linear range, and two different cDNA amounts are shown in the figure). These experiments validated the computational data analysis approach.
Our analysis identified three categories of neuronal transcripts with transient, persistent, and stable IR rates ( Figure 2A ). As IR rates are a function of the abundance of the RI and SI levels, we examined whether changes in IR rates reflected modifications in the intron-retaining transcripts, the SIs, or both. To this end, we plotted the fold change of the SI expression with DRB treatment over the fold change of the corresponding RI ( Figures  2C and 2D ). The majority of transcripts with transient IR (73% of the transient events) exhibited a decrease in the associated RI and no change in the SIs ( Figure 2C , green dot, center). This is consistent with the previous observation that IR frequently results in transcript decay (Braunschweig et al., 2014) . In addition, there was a small sub-population of transcripts (9%) with transient IR that exhibited a loss of the RI and a corresponding increase in the SI (green dots, upper left, Figure 2C ), suggesting that these retention events resemble transcripts with slow splicing kinetics. For most transcripts with stable IR rates, there was no significant change in expression level of the RIs or SIs (67% of all stable events; black dots, Figure 2D ). Thus, not only retention rate but also transcript levels of these RNAs are stable over the 2-hr period. We noted that transcript segments with stable IR were, on average, expressed at a higher level than the segments with transiently retained introns ( Figure 2E ). Thus, in primary neocortical neurons, IR events can be classified in different categories according to the fate and expression level of the associated transcripts. Most importantly, we uncovered a sizable number of transcripts with stably retained introns that were highly expressed. These observations raise the possibility that, within this population, IR events may contribute to gene regulation beyond the fine-tuning of the neuronal transcriptome through RNA degradation pathways.
A Subset of Retained Introns Are Excised in Response to Neuronal Activity
We hypothesized that excision of stably retained introns in fully transcribed RNAs may represent a novel mechanism for neurons to modify their gene expression in response to physiological signals. To test whether retained introns can be excised in response to neuronal stimulation, primary cortical cells were incubated for 1 hr with the GABA A receptor antagonist bicuculline, a treatment that increases neuronal network activity. Cells were pre-treated with DRB to specifically identify alterations in IR levels that were independent of new transcription. Using this experimental setup, we discovered 434 IR events that displayed significant changes in IR rates (>20% change in PIR). Such changes might result from splicing regulation or selective degradation of intron-containing or fully spliced transcripts. Signaling-dependent excision of retained introns should be accompanied by an increase in the SI and a corresponding decrease in the RI. For 221 retained introns, we observed such corresponding increases and decreases of RIs and SIs, indicating that the introns indeed were excised in response to neuronal stimulation (Figures 3A and 3B; see the Experimental Procedures). Interestingly, we also discovered 147 introns that showed increased retention after the elevation of network activity, indicating that, for these transcripts, intron excision was slowed in response to neuronal activity. The vast majority of these activity-dependent transcripts contained a single regulated IR event ( Figure S3A ). Altogether, our data reveal that neuronal stimulation regulates, in a bi-directional manner, splicing of almost matured RNAs containing select retained introns. Celsr3 i11
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Figure 2. IR Events Can Be Grouped in Different Categories according to the Stability and the Expression of Their Associated Transcripts
(A) Pairwise comparison of the PIR in primary neocortical cultures (maintained 14 days in culture) treated for 2 hr with the transcription inhibitor 5,6-dichloro-1-beta-ribo-furanosyl benzimidazole (DRB, 50 mM) or not (control). Only introns identified as retained in untreated primary culture are plotted. Introns whose retention level dropped below 25% after 2 hr of transcription inhibition are called transient IRs (green), whereas introns whose retention still exceeded 25% are named persistent IRs (gray and black). Among the persistent IRs, introns exhibiting <20% alteration in their PIR are defined as stable IRs (black). For each category, the number of introns is indicated (two independent RNA preparations and sequencing libraries per condition).
(B) RT-PCR validations of PIR levels of introns exhibiting different retention levels. The IR levels were analyzed in primary cortical cells untreated (Ctl) or treated for 2 hr with DRB (DRB). The PIR of 14 candidates was assessed by reverse transcription (RT) experiments followed by targeted radiolabelled PCR. Two amounts of cDNA (1:2 ratio) were used for PCR experiments to ensure that PCR amplifications were within the non-saturating phase. In negative control samples (RTÀ), the reverse transcriptase was omitted from the reaction to rule out genomic DNA contamination. We performed targeted validation experiments for 13 of the regulated transcripts, including transcripts encoding the kinase CLK1, the phospholipase DDHD2, the CDC42-associated protein FNBP1L, and the RNA-binding protein TIA1. Radioactive PCR assays and real-time qPCR assays confirmed the loss of exon-intron junctions and a corresponding increase in exonexon junctions at the respective segments in response to an elevation of network activity ( Figures 3C and S3B) . Expression In all conditions, DRB (50 mM) was applied to primary cortical cells (14 days in culture) for 2 hr; 1 hr before cell collection, bicuculline (20 mM) was applied or not (control). Only introns retained (minPIR > 25%) in at least one condition are plotted. IRs are considered as more retained (red) or more spliced (green) if the following applied: (1) DPIR > 2 3 SD (SD of DPIR), (2) PIR fold change > 1.2, and (3) expression fold change of the SI and the RI evolved in opposite directions (two independent RNA preparations and sequencing libraries per condition). (B) Scatterplot displaying the fold changes of the RI and the SI expression after 1 hr of bicuculline application. Transcripts associated with an IR event considered in (A) as more retained or more spliced are highlighted in red and green, respectively. (C) RT-PCR validations of regulated introns. Expression of the RI and the SI were analyzed by semiquantitative radiolabelled PCR (left panels). Means and SDs of PIR values are shown beneath each panel. In addition, fold changes in the expression of RI (red and orange) and SI (black) were assessed with real-time qPCR using three different primer sets, as represented in the top scheme. SDs are displayed (four independent cultures).
of total transcripts associated with a regulated intron (i.e., both RI and SI RNAs) was unchanged upon neuronal stimulation of the DRB-treated cells, further indicating that the spliced transcripts are unlikely to arise from new transcription in the DRB-treated cells ( Figures S3C and S3D ). To further exclude new transcription as a source for the spliced transcripts, we used triptolide, another transcription inhibitor that targets the RNA polymerase II to proteasome-dependent degradation (Titov et al., 2011; Vispé et al., 2009) (Figures S2A and S2C ). As with DRB-mediated transcription block, we observed a concomitant increase of the SI and a decrease of the RI upon neuronal stimulation ( Figures  S3E and S3F ). In conclusion, these data reveal that an increase in neuronal network activity triggers splicing of a pre-existing pool of intron-containing transcripts.
The excision of retained introns from Clk1, Fnbp1l, and Tia1 was triggered by brief (<15-min) bicuculline application, indicating that it represents a fairly rapid response to elevated network activity ( Figure 4A ). Co-application of the voltage-gated sodium channel blocker tetrodotoxin (TTX) together with bicuculline prevented the excision of retained introns (Figures 4B and S4) . Intron excision also was observed upon the application of 25 mM extracellular potassium (K+) or with 50 mM kainic acid (KA, an agonist of the AMPA/Kainate receptors), and it was blocked when the competitive AMPA/Kainate receptor antagonist CNQX was co-applied with KA. Finally, also in acute neocortical slices, we observed activity-dependent intron excision (Figure 4C) . Thus, activity-dependent excision of retained introns is preserved in a semi-intact neuronal network. /calmodulin-dependent protein kinases with KN-62 (10 mM) or KN-93 (10 mM). IR patterns of Clk1 (introns 3 and 4), Fnbp1l (intron 9),and Tia1 (intron 7) were analyzed by radiolabelled PCR. Means and SDs of PIR values are shown beneath each panel (three independent cultures). Efficiency of pharmacological treatments was controlled by assessing level of CREB serine 133 phosphorylation (pCREB Ser133) by western blot; NeuN was used as a loading control.
Neuronal activity-dependent signaling events frequently rely on calcium signaling, either through NMDAR-dependent synapse to nucleus signaling or voltage-gated calcium channeldependent mechanisms (Cohen and Greenberg, 2008; Deisseroth et al., 2003) . To dissect the contribution of these pathways, we combined elevation of neuronal activity with the selective blockade of NMDAR-and L-type calcium channel-dependent signaling. Notably, activity-dependent intron excision was blocked by the NMDAR antagonist AP5, but not significantly affected by the L-type calcium channel blocker nifedipine (Figure 4D ). This highlights a potential synapse-to-nucleus signaling pathway that connects calcium influx through NMDARs and activity-dependent excision of retained introns. To further explore this possibility, we used pharmacological blockers (KN-62 and KN-93) for calmodulin-dependent kinases (CaMKs), a class of kinases that mediate many NMDAR-dependent signaling events ( Figure 4D ). Notably, activity-dependent intron excision was blocked by CaMK inhibition, further supporting the hypothesis that calcium signaling downstream of synaptic NMDARs provides a trigger for activity-dependent intron excision.
Activity-Dependent Introns Exhibit Specific Features
The classes of IR events identified here differ in intron half-life, expression level, and regulation of intron excision. We hypothesized that these different fates are intronically encoded, and we examined whether the respective intron classes differ in their sequence properties. Across all stably retained introns in neocortical cells, we found that retained introns are, on average, shorter, possess weaker 5 0 and 3 0 splice sites (score based on maximum entropy to assess the probability for a splice site to be used by splicing machinery; Yeo and Burge, 2004) , and have a modestly reduced guanine/cytosine (GC) content when compared to the total population of introns ( Figures 5A and  S5 ). These properties are consistent with what has been reported previously for retained introns in other tissues (Braunschweig et al., 2014) . However, when comparing to all retained introns, the splice site strengths of neuronal activity-dependent segments were characterized by stronger 5 0 and 3 0 splice sites ( Figures 5A and S5) . Thus, retained introns that undergo activity-dependent regulation exhibit specific sequence properties.
To obtain initial insight into what cellular processes might be modified by activity-dependent intron excision, we conducted a gene ontology analysis. Activity-dependent introns affect genes belonging to various functional categories ( Figure 5B ). For gene products having an intron excised in response to neuronal activity (RI down), the most enriched categories contribute to signaling pathways and cellular architecture. Most notably, we identified genes contributing to the regulation of the microtubule (p = 0.02), actin cytoskeleton (p = 0.03), phosphoinositide 3-kinase (p = 0.03), protein kinase C (p = 0.05), and Rho signaling (p = 0.03). Thus, gene products emerging from activity-dependent intron-retention/excision are well positioned to drive functional and structural plasticity of cortical neurons.
Transcripts Retaining an Activity-Dependent Intron Are Exported to the Cytoplasm and Loaded onto Ribosomes
We hypothesized that activity-dependent excision of retained introns provides a novel, transcription-independent mechanism to rapidly release a pool of mRNAs to the cytoplasm where the transcripts are translated. In cell fractionation experiments, we observed that intron-containing forms of all tested candidate transcripts were confined to the nuclear compartment (note that transcription was blocked for 3 hr to focus on transcripts with stable IR; Figure 6A , left panels). Upon neuronal stimulation, there was a 1.2-to 4-fold increase of the SIs in the cytosolic fractions, supporting that the newly spliced transcripts are exported to the cytoplasm ( Figures 6A, right panels, S6A , and S6B). To test whether these cytoplasmic transcripts are then recruited for translation, we evaluated their levels associated with ribosomes. We found a 1.3-to 7-fold increase of the spliced transcripts recovered on ribosomes in stimulated versus non-stimulated cells. Thus, our data support that the activity-dependent transcripts serve as substrates for translation ( Figure 6B ).
The activity-dependent, transcription-independent release of mRNAs from the nucleus described here would be particularly attractive for longer transcripts, which cannot be rapidly synthesized in response to external stimuli. Interestingly, we observed that transcripts with activity-dependent intron excision are, on average, longer than the population of all transcripts or the population of all transcripts with any class of retention events (Figure 6C) . Moreover, transcripts containing an activity-dependent intron are, on average, more than eight times longer than transcripts resulting from the induction of immediate early genes ( Figure 6C ; see the Experimental Procedures). In summary, we propose that regulated IR provides a novel, transcription-independent mechanism for activity-dependent gene regulation in neuronal cells ( Figure 6D ).
DISCUSSION
In this work, we uncovered a novel mechanism for the rapid regulation of gene expression in response to neuronal activity. We found that a sub-population of polyA+ transcripts retaining select introns are substantially expressed and stored in the nucleus. Upon neuronal stimulation, these transcripts undergo rapid intron excision, and the fully spliced mRNAs are exported to the cytoplasm, thus generating a readily available pool of mRNAs for translation. In contrast to the well-characterized immediate early gene expression in response to neuronal activity, regulated IR is transcription independent and can rapidly elevate transcript levels, even for mRNAs derived from long genes.
IR Contributes to Multiple Different Modes of Transcript Regulation
Previous studies identified widespread IR events in various cell types (Braunschweig et al., 2014) . The majority of these IR-containing transcripts showed low expression and short half-lives, leading to the conclusion that IR in this class of transcripts serves to tune mRNA levels through a post-transcriptional mechanism (Braunschweig et al., 2014 ). Boutz and colleagues described detained introns in transcripts that have half-lives of 30-60 min (Boutz et al., 2015) . These transcripts modify their splicing rates in response to cellular stress, such as DNA damage. Our analysis confirmed the presence of these two previously described classes of retained introns in neocortical preparations. However, we discovered a third population of intron-containing transcripts with even longer half-lives (>2-3 hr) and significant expression, a subset of which undergoes neuronal activity-dependent intron excision.
How do these transcripts escape the multiple mechanisms for RNA surveillance that target aberrant and unspliced transcripts (Houseley and Tollervey, 2009 )? The vast majority of retained intron-containing transcripts carry premature stop codons (Figure S6C) . Thus, they are predicted to be targets of cytoplasmic non-sense-mediated decay (NMD). However, all transcripts containing an activity-dependent intron that we analyzed thus far were confined to nuclei, shielding them from NMD-mediated degradation. Still, additional nuclear degradation mechanisms exist (Kilchert et al., 2015; Yap et al., 2012) , implying that stable intron-containing transcripts have specific properties that allow them to escape these pathways. For several transcripts (Ahctf1, Clk1, Clk4, Ddhd2, Fnbp1l, Sptbn4, and Tia1), we detected intron-containing transcripts even after 6 hr of RNA polymerase II inhibition with DRB, indicating a remarkable stability (Figure S6D) . The detailed mechanisms underlying this selective transcript stabilization remain to be discovered. However, our sequence analysis supports the presence of specific sequence properties in the activity-regulated retained introns, consistent with the notion that stable IR is a transcript-and sequence-specific property.
Interestingly, of the 3,586 stably retained introns (half-lives > 2 hr), only 368 were strongly regulated by neuronal activity. Thus, the additional transcripts not regulated under our experimental conditions may be related to other cellular processes. Indeed, a tantalizing hypothesis is that different intron-retaining transcripts are selectively spliced in response to different stimuli. Thus, by storing a panel of stable, intron-retaining transcripts, neurons might be able to modify their transcriptome in response cell fractionation experiments were performed to isolate whole-cell extract (W), cytoplasmicenriched fraction (C), and nuclear-enriched fraction (N). Neocortical cells (maintained 14 days in culture) were incubated for 3 hr with DRB before fractionation. The RIs and SIs were detected by radiolabelled PCR (three independent fractionations). Right panels: fold enrichment (log2 values) of the RI and SI in the cytoplasm and the nucleus 1 and 2 hr after bicuculline (Bic) application is shown. In all conditions, neocortical cultures were incubated 3 hr before RNA isolation with DRB. Relative expression of transcript isoforms was analyzed by real-time qPCR with targeted primers. SDs are displayed (four independent fractionations). Neat1 and Xist are nuclear markers.
(B) Expression fold change of the activity-dependent transcripts associated with ribosomes after bicuculline application. Neocortical neurons expressing an HAtagged ribosomal protein RPL22 were maintained for 13-16 days in culture. In all conditions, DRB (50 mM) was applied for 3 hr; 1 or 2 hr before cell collection, (legend continued on next page) to a variety of cellular signals. In yeast, Guthrie and co-workers discovered that diverse environmental stresses elicit distinct responses at the level of pre-mRNA processing (Bergkessel et al., 2011) . Whether analogous stimulus-specific mechanisms exist in neurons remains to be explored. Finally, we note that, beyond the previously described transcriptome tuning and the activitydependent release, IR may serve yet additional post-transcriptional functions that remain to be discovered.
Neuronal Signals for Regulated Excision of Retained Introns
We hypothesize that the activity-dependent intron excision in neocortical preparations described here represents a non-pathological, neuronal counterpart to the regulation of splicing efficiency in response to cellular stress in non-neuronal cells. An arrest of splicing in response to heat shock has been described in Drosophila melanogaster, yeast, and human cells (Bond, 1988; Shalgi et al., 2014; Yost and Lindquist, 1986) . For other transcripts, an enhancement of pre-mRNA splicing has been reported in response to osmotic stress or DNA damage (Bergkessel et al., 2011; Boutz et al., 2015; Ninomiya et al., 2011; Pleiss et al., 2007) . Studies in HeLa and NIH 3T3 cells uncovered Clk1/4 transcripts with a substantial degree of IR, and osmotic stress or heat shock resulted in intron excision (Ninomiya et al., 2011) . In neocortical neurons, we identified Clk1/4 as substrates for activity-dependent removal of retained introns and more than 200 additional transcripts that exhibit excision of retained introns in response to neuronal activity. Importantly, intron removal relies not simply on neuronal activation but also on specific calcium-dependent signaling. Intron removal was prevented by pharmacological blockade of either NMDA-type glutamate receptors or calmodulin-dependent protein kinases. L-type calcium channels have been implicated in activity-dependent alternative splicing of some neuronal transcripts (Iijima et al., 2011; Xie and Black, 2001 ). However, L-type channel blockade did not impair activity-dependent removal of retained introns, indicating that processes rely on different signaling pathways.
Activity-Dependent Release of Introns from IR Transcripts as Mechanism for Rapid Modification of the Neuronal Transcriptome
We observed that splicing induction occurs after only 15 min of neuronal stimulation ( Figure 4A ). Thus, removal of stably retained introns is rapid and does not require prolonged neuronal activation. Rapid, activity-dependent gene regulation is critical for neuronal plasticity events, and a variety of highly specialized mechanisms have evolved to ensure tight repression and rapid induction of immediate early genes (Ebert and Greenberg, 2013; Madabhushi et al., 2015) . Moreover, recent work highlighted unique requirements for the regulation of long neuronal genes, and such genes may be particularly de-regulated in neurodevelopmental and neurodegenerative disease states (Gabel et al., 2015; Polymenidou et al., 2011) . We observed that activity-regulated IR events are enriched in long genes. The elongation rate of RNA polymerase II poses a significant limitation for the new synthesis, and thus the acute regulation, of such long transcripts in response to neuronal activity. Thus, we hypothesize that nuclear storage of intron-containing transcripts, followed by the signaling-dependent splicing, cytoplasmic export, and translation, provides a novel mechanism for the rapid regulation of long transcripts in neuronal cells. 
Acute Living Slice
Coronal hippocampal slices (300 mm) were prepared from P24-P32 mice. Slices were cut with a vibratome (VT1200S, Leica Biosystems) in ice-cold oxygenated (95% O 2 /5% CO 2 ) artificial cerebrospinal fluid (ACSF) as follows (in mM): 124 NaCl, 2.5 KCl, 1.2 NaH 2 PO 4 , 2.5 CaCl 2 , 1.3 MgSO 4 , 24 NaHCO 3 , and 12.5 glucose. Slices were transferred to oxygenated ACSF buffer at 32 C for $30 min to allow for recovery. Then, slices were cut sagitally to separate both hemispheres. For each slice, one hemisphere was incubated for 1 hr at 32 C in the ACSF buffer containing either 25 mM K+ or 50 mM bicuculline; the other hemisphere was incubated in ACSF buffer without additive.
Cell Fractionation
Cell fractionation experiments were performed according the protocol from Suzuki et al. (2010) . Briefly, two million cells plated in a 10-cm 2 dish were collected in ice-cold PBS. After 10-s centrifugation, the supernatant was removed from each sample and the cell pellet was resuspended in 450 mL bicuculline (Bic, 20 mM) was added to the cultures. RNAs bound to the HA-tagged ribosomes were immunoprecipitated. Fold enrichment of the spliced transcripts on the immunoprecipitated ribosomes is shown. SDs are displayed (six independent cultures for basal and 2-hr bicuculline conditions and three independent cultures for 1-hr bicuculline condition). The increased enrichment of transcripts on ribosomes at the 2-hr time point was statistically significant as compared to the unstimulated condition (p < 0.05, Mann-Whitney test, except for Sptbn4, p = 0.1).
(C) Boxplot displaying the length (nucleotides) of pre-mRNAs with or without activity-dependent retained introns. The p values calculated with a two-sided MannWhitney test are indicated on the top of the panel. All RI, all retained introns; RI down, retained introns more spliced upon bicuculline treatment; Imm. early genes, immediate early genes, gene list extracted from (Spiegel et al., 2014) .
(D) Working model. A sub-population of polyA+ transcripts retaining select introns is stored in the nucleus. Upon neuronal stimulation, these transcripts undergo rapid intron excision, and fully spliced mRNAs are exported to the cytoplasm, thus generating a readily available pool of mRNAs for translation. This process requires NMDA receptor and calmodulin-dependent kinase (CaMK) pathways.
ice-cold 0.1% NP40 in PBS. One aliquot was collected as the whole-cell extract and then the leftover was spun for 10 s. The supernatant was collected as the cytosolic-enriched fraction and the pellet (after one wash with 450 mL 0.1% NP40 in PBS) as the nuclear-enriched fraction. The RNAs isolated by this procedure were analyzed using equivalent amounts of each fraction (i.e., each corresponding to an equal number of cells).
Analysis of Ribosome-Associated RNAs
All procedures related to animal experimentation were reviewed and approved by the Kantonales Veterin€ aramt Basel-Stadt. Conditional Rpl22-HA (RiboTag) mice (Sanz et al., 2009) 
RNA Isolation and Reverse Transcription
Total RNAs were isolated using Trizol reagent (Sigma T9424) following the manufacturer's protocol. Genomic DNA was eliminated using DNase I (Roche 04716728001). Alternatively, total RNAs were isolated and DNase treated on columns (RNeasy Mini Kit, QIAGEN 74104). The cDNA libraries were built using between 250 and 500 ng RNA reverse transcribed with SuperScript III reverse transcriptase (Thermo Fisher 18080044) and oligo-dT primers.
PCR
Semiquantitative PCR was performed using Phusion High-Fidelity DNA Polymerase (New England Biolabs M0530L) and alpha-32 P dCTP (1.2 mCi, Hartmann SRP205). For each PCR, the number of cycles necessary to end the amplification in its exponential phase was determined. In the case of long introns (>1,000-1,500 bp), multiplex PCRs were performed to amplify both RI and SI (i.e., using three primers: one primer complementary to an internal region of the intron in addition to the primers mapping to each flanking exon).
Real-time qPCRs were performed with FastStart Universal SYBR Green Master (Roche 04-913-850-001). PCRs were carried out in a StepOnePlus qPCR system (Applied Biosystems) with the following thermal profile: 10 min at 95 C, then 40 cycles of 15 s at 95 C, and 1 min at 60 C. Real-time qPCR assays were analyzed with the StepOne software. The primers used for PCRs are listed in Table S2 . Deep RNA-Seq The RNA quality was evaluated by capillary electrophoresis (Agilent 2100 Bioanalyzer system). Then library preparation was performed with 1 mg total RNA using the TruSeq Stranded mRNA Library Prep Kit (Illumina RS-122-2101). Samples were sequenced paired end over 100 cycles on HiSeq2500 using the HiSeq Flow Cell v4 (Illumina) and the HiSeq SBS Kit v4 (Illumina). Details on the number of sequenced reads for each sample are given in Table S1 .
Western Blot and Antibodies
RNA-Seq Read Alignment
For the RNA-seq data analysis, reads were aligned onto the mouse genome assembly mm10 using the STAR aligner version 2.4.0f1 (http://www.ncbi. nlm.nih.gov/pubmed/23104886) (Dobin et al., 2013) . The following parameters were used: -outFilterMismatchNmax 2 and -outFilterMultimapNmax 10 to filter out reads that have more than two mismatches and reads that map to more than ten loci. Moreover, reads with <8-nt overhang for the splice junction on both sides were filtered out using -outSJFilterOverhangMin 30 8 8 8. Then, read alignment files (bam) were processed with custom Perl scripts using the library Bio::DB::Sam. For each segment comprising a pair of consecutive exons (exon1 and exon2) and the intermediate intron, reads that mapped (1) exon1, (2) exon2, (3) intron, (4) exon1-intron junction, (5) intron-exon2 junction, and (6) exon1-exon2 junction were counted. Junction reads were accepted only if they overlapped by more than 8 nt on both sides of the junction. The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus (Edgar et al., 2002) and are accessible through GEO series accession number GEO: GSE89771 (https://www.ncbi.nlm.nih.gov/ geo/query/acc.cgi?acc=GSE89771).
PIR, RI Expression, SI Expression, and Segment Expression
For each segment in the mouse genome, comprised of a pair of consecutive exons and the intervening intron annotated in FastDB (http://www.easana. com) (de la Grange et al., 2005), we assessed the expression level of transcripts retaining the intron as the average number of reads mapping the 5 0 and 3 0 exon-intron junctions (= mean(cov(E1I), cov(IE2)). The expression level of the SI was estimated as the number of exon-exon junction reads (= cov(E1E2)). Given that coverage (cov) is by definition normalized by the length of the analyzed sequence, cov is corresponding to the absolute number of reads mapping a junction. All the read coverage values were normalized by the number of total mapped reads for each individual sample. Segments were considered as non-expressed and filtered out if (cov(E1E2) + mean(cov(E1I), cov(IE2)) < 10 in at least one sample. Also, segments whose SI was not significantly expressed in any of the compared samples were filtered out: (cov(E1E2) > 10). The PIR was then calculated as the expression level of the RIs over the sum of the expression levels of the RIs and SIs (PIR = mean(cov(E1I), cov(IE2))/(cov(E1E2) + mean(cov(E1I), cov(IE2))). We defined introns as retained if their PIR exceeded 25 and if they fulfilled the following criterion: the read coverage along the entire intron must represent at least 25% the sum of the expression of the SI and RI (minPIR = (min(cov(E1I), cov(IE2), cov(I))/(cov(E1E2) + mean(cov(E1I), cov(IE2); min = minimum). In this way, we ensured that reads mapping the exon-intron junctions were indeed due to IR rather than other events, such as the usage of alternative 5 0 or 3 0 splice sites.
For the analysis of the activity-dependent introns, IRs were considered as regulated if the following applied: (1) PIR fold change > 1.2, and (2) DPIR > 2 3 SD (SD of DPIR), where SD = O (var(PIR control_replicate1 , PIR control_replicate2 ) + var(PIR bicuculline_replicate1 , PIR bicuculline_replicate2 )). When assessing IR altered by splicing regulation, we only considered segments where the fold change in expression of the SI and the RI evolved in opposite directions.
For the evaluation of splice site strength, maximum entropy scores for 9-bp 5 0 splice sites and 20-bp 3 0 splice sites were calculated using MaxEntScan (Yeo and Burge, 2004) . Gene ontology analysis was performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) (Huang et al., 2009a, 2009b) . The functional annotation chart analysis was processed with the list of activity-dependent retained introns using the list of genes expressed in neocortical cells as a background. Ontologies were considered as enriched if fold enrichment > 2 and p value < 0.05.
For the analysis of transcript length, a list of mouse transcripts (RefSeq Genes mm10) was downloaded in annotation tables from the UCSC Genome Browser (https://genome.ucsc.edu). For each of these transcripts expressed in neocortical cells, we considered them as containing a (regulated) retained intron if the intron coordinates were between transcript coordinate boundaries. The list of immediate early genes was extracted from Spiegel et al. (2014) . Genes whose induction, by the addition of extracellular K+ in cortical culture, was maximal after 1 hr were considered.
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